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Inhibition of Na1,K1-ATPase (NKA) activity in renal epithelial cells
by activation of G protein-coupled receptors is mediated by phos-
phorylation of the catalytic a-subunit followed by endocytosis of
active molecules. We examined whether agonists that counteract
this effect do so by dephosphorylation of the a-subunit or by
preventing its internalization through a direct interaction with the
endocytic network. Oxymetazoline counteracted the action of
dopamine on NKA activity, and this effect was achieved not by
preventing a-subunit phosphorylation, but by impaired endocyto-
sis of a-subunits into clathrin vesicles and early and late endo-
somes. Dopamine-induced inhibition of NKA activity and a-subunit
endocytosis required the interaction of adaptor protein 2 (AP-2)
with the catalytic a-subunit. Phosphorylation of the a-subunit is
essential because dopamine failed to promote such interaction in
cells lacking the protein kinase C phosphorylation residue (S18A).
Confocal microscopy confirmed that oxymetazoline prevents in-
corporation of NKA molecules into clathrin vesicles by inhibiting
the ability of dopamine to recruit clathrin to the plasma membrane.
Dopamine decreased the basal levels of inositol hexakisphosphate
(InsP6), whereas oxymetazoline prevented this effect. Similar in-
crements (above basal) in the concentration of InsP6 induced by
oxymetazoline prevented AP-2 binding to the NKA a-subunit in
response to dopamine. In conclusion, inhibition of NKA activity can
be reversed by preventing its endocytosis without altering the
state of a-subunit phosphorylation; increased InsP6 in response to
G protein-coupled receptor signals blocks the recruitment of AP-2
and thereby clathrin-dependent endocytosis of NKA.

The Na1,K1-ATPase (NKA) activity in polarized epithelia
provides the motive force for vectorial transport of sodium

(1). In renal (2) and jejunal (3, 4) epithelia, locally produced
dopamine (DA) regulates NKA activity and thereby sodium
excretion during high-salt diet. Furthermore, acute increments in
arterial blood pressure increase urinary sodium excretion (‘‘pres-
sure natriuresis’’) without significant changes in glomerular
hemodynamics (5). This phenomenon is associated with de-
creased apical Na1yH1-exchanger and basolateral NKA activity
and redistribution of these transporters in renal proximal tubule
cells (6).

Elucidation of the mechanisms by which the traffic of ion
transport proteins is regulated by G protein-coupled receptor
(GPCR) signals is central to understanding pressure natriuresis,
as well as other forms of altered sodium transport, e.g., those
engendered by catecholamines and other hormones. The latter
are also important modulators of NKA in lung alveolar cells,
where stimulation of its activity promotes the clearance of excess
alveolar fluid in congestive heart failure and acute respiratory
distress syndrome (7–9).

We have previously investigated possible mechanisms by
which GPCRs regulate NKA activity in epithelia (10) and found
that inhibition was associated with removal of active molecules
from the plasma membrane in renal tubule cells (11). Endocy-

tosis of NKA molecules is initiated by phosphorylation of the
Ser18 residue in the catalytic a-subunit (12, 13). Although
phosphorylation of the a-subunit is necessary for internalization,
it does not affect per se the enzymatic activity of NKA while it
resides in the plasma membrane, i.e., it is the subunits’ removal
from the membrane that causes the decreased activity in intact
cells, whereas phosphorylation serves as the triggering signal in
this process (12).

In the present study, we evaluated whether agonists that
counteract inhibitory effects on NKA activity do so by prevent-
ing a-subunit phosphorylation (or promoting its dephosphory-
lation through the action of protein phosphatases), or by regu-
lation of other targets responsible for NKA endocytosis. In
addition, we examined the linking mechanisms within the en-
docytic network that are triggered by phosphorylation of the
NKA a-subunit leading to its endocytosis.

Materials and Methods
Experiments were performed in renal proximal convoluted
tubule (PCT) cells obtained from Sprague–Dawley rats (11–13)
and in opossum kidney (OK) cells transfected with either the
full-length cDNA NKA a1 subunit or the Ser18 3 Ala mutant
(12–14) as previously reported. Microdissected PCTs were iso-
lated from Sprague–Dawley rats as described (15).

NKA Activity in Isolated Proximal Tubules. Tubule segments were
transferred in 1 ml of Hanks’ medium into individual BSA-coated
wells of 96-well plates (Nunclon, Naperville, IL). After an
equilibration period of 10 min at room temperature, the agonists
(1 ml) were added and samples were incubated for 2.5 min (this
incubation time was found to be optimal for clathrin vesicle
incorporation of NKA a-subunit during endocytosis; ref. 11) at
room temperature in Hanks’ medium. The incubation was
terminated by placing the samples on ice and adding 5 ml of cold
10 mM TriszHCl (pH 7.4). Thereafter, the samples were placed
for 10 min on dry ice to ensure cell permeabilization. We have
previously determined that, in PCT cells, this procedure allows
measurement of NKA activity originated mostly from the plasma
membrane and not from intracellular organelles (13). Samples
were thawed before addition of 7 ml of NKA assay medium (final
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concentration, mM: NaCl 100, KCl 5, MgCl2 10, EGTA 1,
TriszHCl 100, Mg-ATP 10, [g-32P]ATP 50 nCi). The assay was
carried out for 15 min at 37°C, and the reaction was stopped by
cooling the samples on ice and adding 50 ml of 5% trichloroacetic
acid. The samples (64 ml) were then transferred into 2 ml of 10%
activated charcoal and centrifuged, and the radioactivity in an
aliquot (500 ml) from the supernatant was measured. NKA
activity (defined as the difference between activities determined
in the presence or absence of 5 mM ouabain) was measured in
four replicates of four to five tubules for each group.

Phosphorylation and Immunoprecipitation of NKA in Intact Cells.
Renal PCT cells (4–6 mg of protein in 3 ml) were labeled during
2 h at 32°C with 250 mCiyml [32P]orthophosphate (NEN Life
Science Products) as previously described (12, 13). The incuba-
tion with different agonists was terminated by removing the
medium, adding buffer [100 mM NaCl, 50 mM TriszHCl, 2 mM
EGTA, 30 mM NaF, 30 mM Na4O7P2, 1 mM Na3VO4, 1 mM
PMSF, 10 mgyml leupeptin, 4 mgyml aprotinin, and 1% Triton
X-100 (pH 7.45)], and placing the samples on ice. The cells were
disrupted by homogenization. Immunoprecipitation of the NKA
a-subunit and adaptor proteins was performed as described (12,
13). Proteins were analyzed by SDSyPAGE using the Laemmli
buffer system (16) and by Western blotting. Protein content was
determined according to Bradford (17).

Preparation of Clathrin-Coated Vesicles (CCV). Isolation of CCV was
performed as described by Hammond and Verroust (18).
Briefly, after preincubation protocols, PCT cells were homog-
enized by using a motor pestle homogenizer (Kimble–Kontes,
Vineland, NJ) in 1 mM EGTA, 0.5 mM MgCl2, 0.1 M 2-(N-
morpholino)ethanesulfonic acid, and 0.2 mgyml NaN3, titrated
to pH 6.5 with NaOH. The homogenate was centrifuged at
85,000 3 g for 1 h, and the pellet was resuspended in the same
buffer and applied to a discontinuous sucrose gradient (wtyvol):
60%, 50%, 40%, 10%, and 5%. Samples were then centrifuged
at 80,000 3 g for 75 min and collected from the 10–40%
interface; they were washed in homogenization buffer and
pelleted at 85,000 3 g for 1 h. Wheat germ agglutinin was added
to a concentration of 1 mg:10 mg protein and incubated over-
night at 4°C. The agglutinated material was sedimented at
20,000 3 g for 15 min.

Preparation of Endosomes. After incubation with different
agonists, the samples were transferred to ice and cold homog-
enization buffer containing 250 mM sucrose and 3 mM
imidazole (pH 7.4) was added. The cells were gently homog-
enized (15–20 strokes) to minimize damage of the endosomes
by using a motor pestle homogenizer (Kimble–Kontes), and
the samples were subjected to a brief centrifugation (3,000 3
g at 4°C). Endosomes were fractionated on a f lotation gradi-
ent, as described (11–13), by using the technique described by
Gorvel et al. (19).

Confocal Microscopy. The preincubation with different agonists
was terminated by fixation of the cells with 4% formaldehyde in
PBS for 10 min at room temperature. After rinsing twice with
PBS, cells were incubated in acetone at 220°C for 5 min and then
quenched with PBS containing 1% BSA for 30 min. Staining
with primary antibodies [against NKA a-subunit (20) and adap-
tor protein 2 (AP-2) a-subunit] was performed at room tem-
perature for 1 h; incubation with secondary antibodies against
the NKA a-subunit (anti-rabbit rhodamine-labeled) and clathrin
heavy chain (anti-mouse Oregon green-labeled) were performed
at room temperature for 1 h as well. After rinsing with PBS, the
coverslips were mounted (SlowFade light; Molecular Probes)
and examined with a confocal laser scanning microscope (Leica
TCS NT; Leica Lasertechnik, Heidelberg, Germany). Excitation

wavelengths 488 nm for Oregon green and 568 nm for rhodamine
were used. The confocal microscope was equipped with an
AryKr laser, a double dichroic mirror for rhodaminey
f luorescein, and a 633 lens (Leica PL APO 633y1.32–0.6 oil).
Analyses of the data were performed with IMARIS and COLO-
CALISATION software (Bitplane, Zurich, Switzerland) (21).

Determination of Phosphatidylinositol 3-Kinase (PI3-K) Activity. Cells
were homogenized in 400 ml of lysis buffer [140 mM NaCl, 10
mM Hepes, 10 mM sodium pyrophosphate, 10 mM NaF, 1 mM
CaCl2, 1 mM MgCl2, 2 mM Na3VO4, 10% (volyvol) glycerol, 1%
Nonidet P-40, 10 mgyml aprotinin, 50 mM leupeptin, 2 mM
PMSF (pH 8.1)] and solubilized by continuous stirring for 1 h at
4°C. After centrifugation, the supernatant was collected and 500
mg of protein (in 1 ml) was incubated with an anti-PI3-K p85a
antibody (Santa Cruz Biotechnology). After overnight incuba-
tion with the antibody, protein A-Sepharose was added and the
immune complex (p85a antibody coupled to protein A-
Sepharose) was washed four times with buffer C [100 mM NaCl,
1 mM Na3VO4, 20 mM Hepes (pH 7.5)] and resuspended in 40
ml of buffer [180 mM NaCl, 20 mM Hepes (pH 7.5)]. PI3-K
activity was assessed directly on the protein A-Sepharose beads
as described (22).

Determination of Inositol Polyphosphates in Renal Epithelial Cells.
Growing OK cells were labeled with myo-[3H]inositol to isotopic
equilibrium over a period of 144 h, so that .90% of the cellular
material would have incorporated myo-[3H]inositol to the same
specific activity as the medium. The cells were washed once in
Hanks’ phosphate buffer and preincubated for 5 min at 25°C.
The buffer was aspirated and an identical buffer containing the
agonists was added (incubations up to 2.5 min). Thereafter, the
buffer was aspirated and 0.5 ml of 5% (wtyvol) trichloroacetic
acid containing 125 mg of phytic acid as an unlabeled carrier was
added. Subsequent extraction and neutralization by ether wash-
ing of the inositol phosphates were carried out as described
previously (23). Samples were then stored at 220°C until sub-
jected to HPLC. Separation was achieved by using a simple
phosphate gradient (23). Concentrations of inositol polyphos-
phates were determined by measuring the diameters of
trypsinized spherical cells (to determine volume), and then
calculating the concentration based on the known specific ac-
tivity of the labeling medium and the fact that .90% of the cell
inositol phosphates would have been synthesized with this
medium.

Statistics. Comparison between two experimental groups was
made with the nonpaired Student’s t test. For multiple com-
parisons, one-way ANOVA with Sheffe’s correction was used;
P , 0.05 was considered significant.

Results
Effect of DA and Oxymetazoline (Oxy) on NKA Activity, a-Subunit
Phosphorylation, and Endocytosis. Because endocytosis of NKA
molecules in response to DA is responsible for the decreased
activity in intact PCT cells, we have now examined whether
receptor agonists that counteract the effect of DA on NKA
activity do so by preventing NKA subunit endocytosis. We chose
to study the effect of Oxy because it had been shown to prevent
the inhibitory effect of DA on NKA activity (24). PCT cells
incubated with DA (2.5 min at 23°C) exhibited decreased (50 6
16%, n 5 7; P , 0.05) NKA activity (Fig. 1A), and this effect was
blocked by coincubation with 1 mM Oxy (97 6 21%; n 5 7; not
significant); Oxy alone had no significant effect on NKA activity
examined under Vmax condition for its major substrates, as
reported by others (24). Incubation of PCT cells with 1 mM DA
was associated with a significant increase in NKA a-subunit
abundance in CCV and early endosomes (Fig. 1B). The abun-
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dance did not change in late endosomes, consistent with our
previous observation (11) that within this time frame (2.5 min)
the subunits have not yet reached the late endosomal compart-
ment. The presence of 1 mM Oxy, however, abolished the DA
effect, whereas Oxy alone did not change the a-subunit distri-
bution among these organelles.

Because phosphorylation of NKA a-subunit constitutes a
trigger in this process (12, 13), we next evaluated whether Oxy
counteracts the effect of DA by interfering with phosphorylation
or by promoting the dephosphorylation of the a-subunit (Fig.
1C). The increased phosphorylation of immunoprecipitated
NKA a-subunit induced by 1 mM DA was not significantly
affected by Oxy. Basal phosphorylation of the a-subunit was also
not altered by Oxy alone.

Effect of DA and Oxy on AP-2 Recruitment and PI3-K Activity During
NKA Endocytosis. Because adaptor proteins such as AP-2 mediate
the assembly of clathrin through recognition signals present
within the cytoplasmic domain of the target protein (25–28), we
tested whether activation of GPCRs by DA promotes the
interaction of AP-2 with NKA during its endocytosis, and, if
present, whether this effect requires protein kinase C (PKC)-
dependent phosphorylation of its a-subunit. For this purpose, we
used OK cells, an established cell line of PCT origin, in which the
DA signaling involved in the regulation of NKA activity, a-sub-
unit phosphorylation, and endocytosis is similar to that of rat
PCT cells (12, 13). OK cells were incubated with 1 mM DA for
2.5 min at 23°C, and the incubation was terminated by homog-
enization and immunoprecipitation of AP-2 by using an antibody
against the AP-2aC subunit (Upstate Biotechnology, Lake
Placid, NY). The presence of NKA in the immunoprecipitate was
analyzed by Western blot using a monoclonal antibody against
the a-subunit. Fig. 2A indicates that, in DA-treated cells, the
NKA a-subunit coimmunoprecipitated with the AP-2. Because
internalization of NKA molecules does not occur in cells ex-
pressing the cDNA a1-subunit carrying a point mutation (Ser18)
in the PKC phosphorylation site or a truncated variant (deletion

of first 31 amino acids) that excludes the PKC target residue (12,
13), we next examined whether absence of the phosphorylation
site in the a-subunit would impair its ability to bind AP-2. In OK
cells expressing the S18A mutant, DA failed to promote the
interaction between AP-2 and NKA (Fig. 2 A).

We next examined whether Oxy could prevent internalization
of the subunits by blocking the interaction of AP-2 with the NKA
a-subunit. Similarly to OK cells, in PCT cells incubated with 1
mM DA (2.5 min at 23°C), the AP-2 coimmunoprecipitated with
the NKA a-subunit, and this association was blocked by Oxy
(Fig. 2 A Right). Because AP-2 recruitment depends on PI3-K
activity (G.A.Y., R. Efendiev, C.H.P., A.I.K., P.-O.B., and
A.M.B., unpublished observations), we also examined the effect
of DA and Oxy on PCT PI3-K activity. DA (1 mM; 2.5 min at
23°C) increased PI3-K activity in PCT cells, and the magnitude
of this effect was not significantly altered by Oxy (Fig. 2B).

Effect of DA and Oxy on Clathrin Recruitment During NKA Endocytosis.
Confocal images of OK cells demonstrate a discrete background
staining of NKA (rhodamine) with increased fluorescence at the
edge of the cells (Fig. 3A Left). This pattern was maintained in
all of the different protocols. Clathrin staining (Fig. 3A Middle),
represented by punctate structures of homogeneous distribution,
was particularly intense around the nuclei (representing traffic of
newly synthesized proteins) and at the periphery of the cell
treated with DA; this distribution was blocked by treatment with
Oxy. Although the resolution of this technique does not allow the
visualization of NKA subunit retrieval from the plasma mem-
brane, colocalization analysis of the data (yellow staining, Fig.
3A Right) revealed that DA increases the colocalization of
clathrin and NKA molecules, and that this effect is blocked by
coincubation with Oxy. Oxy alone has no effect on NKAyclathrin
colocalization (not shown). In addition, Fig.3B further suggests
that the NKA a-subunit colocalizes with clathrin at the plasma
membrane or in vesicles that are beneath the plasma membrane.

Effect of DA and Oxy on Inositol Polyphosphate Metabolism in Renal
Cells. OK cells, instead of isolated PCT cells, were chosen for
these experiments because cells have to be labeled with myo-

Fig. 1. Effect of DA and Oxy on NKA activity, a-subunit phosphorylation and its abundance in clathrin vesicles, early and late endosomes. PCT cells were
incubated with or without 1 mM DA (2.5 min at 23°C) in the presence or absence of 1 mM OXY. (A) NKA activity in microdissected PCT is the mean 1 SE of seven
independent experiments performed in triplicate. (B) Effect of DA and Oxy on NKA a-subunit abundance in CCV, early endosomes, and late endosomes. A
representative experiment (Upper) and the quantitative data of five experiments expressed as percent of control mean 1 SE (Lower) are shown. (C) NKA a-subunit
phosphorylation. A representative experiment (Upper) indicating the state of a-subunit phosphorylation, and the quantitative data of five experiments
expressed as percent of control mean 1 SE are shown in Lower.
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[3H]inositol to isotopic equilibrium over a period of 144 h. Under
these conditions, .90% of the cellular material would have
incorporated myo-[3H]inositol to the same specific activity as in
the medium. Thus, changes in the radioactivity level of the
inositol polyphosphates represent changes in mass. DA, by itself,
had no significant effect on 1,3,4,5,6-pentaphosphate (InsP5)
levels, whereas stimulation of OK cells with either DA plus Oxy
or Oxy alone resulted in a rapid (within 30 s) transient increase
in both InsP5 and inositol hexakisphosphate (InsP6) compared
with both control and DA-treated cells (Fig. 4A). The increase
was reversed by 1 min, and no further increases were detected
after up to 2.5 min of stimulation with Oxy (data not shown). The
InsP6 concentration was significantly (P , 0.05, n 5 4) decreased
in DA-treated cells.

Effect of InsP6 on AP-2 Recruitment. The effect of exogenous InsP6
was examined in isolated PCT cells incubated with or without
DA (Fig. 4B). For InsP6 to gain access to the cells’ interior,
permeabilization was performed as described previously (13,
29). Digitonin, which was present in all experimental groups, did
not affect the ability of 1 mM DA to promote the colocalization
of AP-2 and the NKA a-subunit, whereas the presence of 10 mM
InsP6 prevented this effect. InsP6 alone was without effect.

Discussion
Short-term regulation of NKA activity could be mediated by
altering the characteristics (e.g., the turnover rate) of the enzyme
present in the plasma membrane, as well as by endocytosis from

(inhibition; refs. 11–13) or recruitment of new molecules into
(stimulation; refs. 8 and 15) the plasma membrane. This study
demonstrates that phosphorylation of the NKA a-subunit in
response to DA triggers the association of AP-2 with the
a-subunit and recruitment of clathrin during endocytosis. Ago-
nists that counteract the inhibitory action of DA do so by
blocking endocytosis rather than by modifying the state of
phosphorylation of the catalytic a-subunit. Moreover, such
effect is accomplished by increasing the cellular levels of InsP6
and inhibition of AP-2 recruitment.

Because phosphorylation of the NKA a-subunit is critical for
subunit internalization (12, 13), we sought to determine whether
agonists that counteract the effect of DA on NKA activity do so
by preventing phosphorylation (or promoting dephosphoryla-
tion) of the catalytic a-subunit, thereby preventing endocytosis.
We chose to study in renal epithelial cells the effect of Oxy, a

Fig. 2. Effects of DA and Oxy on AP-2 recruitment and PI3-K activity. (A) OK
cells wild type (OK Wt), cells expressing the S18A mutant (OK S18A), and PCT
cells were incubated with or without DA (2.5 min at 23°C). The immunopre-
cipitated material with an AP2aC antibody was analyzed by Western blotting
using an antibody against the NKA a1-subunit. The figures shown are repre-
sentatives of four replicate experiments. (B) PI3-K was determined in cells
incubated with 1 mM DA in the presence or absence of 1 mM Oxy (2.5 min at
23°C). A representative TLC separation of phosphatidylinositol 3-phosphate
(Left) and the quantitative data of four experiments expressed as percent of
control of the mean 1 SE are shown in Right.

Fig. 3. Visualization of clathrin and NKA a1-subunit in OK cells. (A) Cells were
plated onto glass coverslips and incubated with or without 1 mM DA (2.5 min
at 23°C) in the presence or absence of 1 mM OXY. OK cells were fixed and
stained with secondary fluorescent-labeled antibodies (Rhodamine, NKA;
Oregon green, clathrin). Confocal images are representatives of three to eight
experiments. (Bar 5 2 mm.) (B) Enlarged view of clathrin and NKA a1-subunit
interaction in OK cells incubated with or without DA as indicated above. Cells
were processed as described in A. (Left) Overlay images of NKA (Rhodamine)
and clathrin (Oregon green) staining. (Right) Colocalization (yellow) analysis
of the data.
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compound postulated to counteract the effect of DA on NKA
activity by activating protein phosphatases (24). Oxy action is
mediated by activation a1 and a2 adrenergic receptors, and the
cellular responses to it has been associated, depending on the
tissue, with increased intracellular calcium (30) and with nega-
tive coupling to adenylyl cyclase. (31, 32). Whereas, in that study
(24), the effects of DA and Oxy were determined after 30 min
of incubation, we examined the effect of these agonists during 2.5
min, because within this time frame the NKA activity is signif-
icantly inhibited by DA and the a-subunit remains phosphory-
lated (after 10 min the a-subunit is no longer phosphorylated
while being removed from the basolateral membrane) (12).
Although Oxy blocked the effect of DA on NKA activity, our
results show that this effect was not mediated by affecting the
level of phosphorylation of the a-subunit, but instead, Oxy
prevented the incorporation of NKA a-subunits into CCV and

endosomes. That Oxy did not block the increased phosphoryla-
tion induced by DA suggests that its mechanism of action does
not involve interference with the DA-receptor signaling or
activation of protein phosphatases.

It has been previously reported (24) that Oxy stimulates NKA
activity. The fact that incubation with Oxy in this study did not
result in stimulation of NKA could be because of different
incubation times (2.5 vs. 30 min), andyor because of measure-
ment of NKA under different Na1 concentrations (20 vs. 100
mM) in the two studies. Despite this discrepancy, our data
indicating that incubation of PCTs with Oxy during 2.5 min did
not stimulate NKA activity but blocked the inhibitory action of
DA are in agreement with the observation that Oxy did not
increase the number of NKA units at the plasma membrane, but
blocked the endocytosis of such molecules induced by DA.

Endocytosis of NKA molecules, like with other integral mem-
brane proteins (33, 34), occurs through their stepwise translo-
cation within CCV into endosomal compartments. Clathrin
adaptors select the membrane protein to be internalized by
direct interaction through specific motifs present in such pro-
teins. Our results demonstrate that DA promotes the interaction
of AP-2 with the NKA a-subunit. Moreover, such interaction
was absent in OK cells expressing the S18A mutant, indicating
that AP-2 recruitment is directly related to the state of a1-
subunit phosphorylation. The effects of DA and Oxy on AP-2
and clathrin recruitment were studied in OK cells in culture. The
presence of DA (35, 36) as well as a-adrenergic (32) receptors,
in this cell line of renal proximal tubule origin has been well
documented. The mechanism of NKA regulation as well as the
signaling mechanisms involved (12, 13) described so far are
comparable to those operating in isolated rat PCT cells, and
other intracellular signals unrelated to pump regulation are also
similar (37–39). As demonstrated in OK cells, in isolated PCT
cells, the NKA a1-subunit coprecipitated with AP-2 in response
to DA, and this ‘‘binding’’ was blocked by Oxy. Whereas the
NKA a1-subunit possesses several putative internalization mo-
tifs, the signal recognized by AP-2 remains to be identified.

Using a different methodology (confocal microscopy), we
confirmed that another component of the endocytic network is
regulated by DA and Oxy. Because the resolution of this
technique did not allow direct visualization of the changes in the
number of NKA molecules within the plasma membrane, we
determined whether they colocalize with clathrin during the
formation of coated pits and vesicles. DA clearly promoted a
redistribution of clathrin (enriched at the edges of the cells) and
colocalization with NKA a-subunit molecules. This colocaliza-
tion was absent when cells were incubated simultaneously with
DA 1 Oxy, and Oxy alone did not affect the distribution of
clathrin or its association with NKA molecules. These results add
further support to the hypothesis that regulation of NKA activity
by different agonists could be mediated by controlling the
number of enzyme units at the plasma membrane.

DA-induced NKA endocytosis requires activation of PI3-K
(22). Several functions have been ascribed to PI3-K during
endocytosis, among them recruitment of AP-2 (40), facilitating
endosomal traffic by targeting rab5 (41), and regulation of
cytoskeleton dynamics (42). Because the time course of activa-
tion of PI3-K coincided with the increased abundance of NKA
a-subunits within CCV, it is possible that activation of PI3-K by
DA would be affected by Oxy, thereby blocking the sequential
activation of different signaling molecules involved in NKA
traffic. Because DA in the presence of Oxy still significantly
increased PI3-K activity, it is likely that other factors preventing
NKA internalization are regulated by Oxy. In addition, the
results suggest the existence of other intracellular messengers
triggered by DA that are responsible for AP-2yclathrin recruit-
ment during NKA endocytosis.

Fig. 4. (A) Effects of DA and Oxy on the InsP5 and InsP6 concentrations in OK
cells. Cells were stimulated with the appropriate agonists (DA, open bars; DA
1 Oxy, hatched bars; Oxy, filled bars) for up to 2.5 min. The 30-s time point is
illustrated. (A) InsP5 (Upper) and InsP6 (Lower) are shown as percent of control
1 SEM for four separate experiments, each carried out in triplicate. Differ-
ences were examined with INSTAT 1.0 (GraphPad, San Diego) using a two-tailed
t test. *, P , 0.05; **, P , 0.01, both vs. DA. #, P , 0.05 vs. control, using a one
sample, two paired t test. (B) Effect of exogenous InsP6 on DA-induced
coprecipitation of NKA a-subunit and AP-2. Cells were incubated with DA (1
mM) in the presence of 10 mM InsP6 (n 5 4). Digitonin was used as previously
described (13) to permit access of InsP6 to the interior of the cells, and was
present in all experimental conditions (vehicle, DA, DA 1 InsP6, and InsP6).
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It has been reported (in in vitro studies) that PI3-K products
could either favor (40) or antagonize (26, 43) recruitment of
adaptor proteins to the plasma membrane. Also, the interaction
of clathrin adaptors with cargo molecules is negatively regulated
by inositol polyphosphates (44, 45). Because the latter are potent
inhibitors of clathrin assembly, we explored in this study whether
DA and Oxy modulate the metabolism of inositol polyphos-
phates (InsP5 and InsP6) in cultured renal epithelial cells in a way
that could explain their opposite effects during NKA endocy-
tosis. Interestingly, the InsP6 concentration was significantly
(P , 0.05, n 5 4) decreased in DA-treated cells, as if the basal
InsP6 levels have to be reduced because they represent consti-
tutively a force opposing endocytosis. In OK cells, the basal
concentration of InsP6 is about 5- to 7-fold that of InsP5, and
InsP6 is also a more potent inhibitor of clathrin assembly than
InsP5 (45). Therefore, in intact cells, the smaller InsP6 changes
may be more relevant than the larger InsP5 increases, and the
decrement of basal InsP6 concentrations by DA may actually
remove an inhibitory molecule, thus promoting endocytosis.
This concept is strengthened by observations that InsP6 binds to
membranes (44), and therefore the changes may occur locally at
the internalization site. No changes were seen in the concentra-
tion of pyrophosphate derivatives of InsP6, which are in a state
of rapid equilibrium with InsP6, indicating that these increments
represented a specific effect on InsP5 and InsP6. The increases
in polyphosphate concentration in response to Oxy were rela-
tively small, 30–40% for InsP5 and 10–15% for InsP6. However,
using cell volume measurements and the specific radioactivity of
the labeling medium, we have estimated the basal cellular
concentration of InsP6 to be approximately 68.5 mM, with a
range from 57.5 to 77.4 mM for DA-treated vs. DA 1 Oxy-

treated cells, respectively. Interestingly, 10 mM InsP6 (similar to
the increased concentration induced by oxymetazoline in intact
cells) blocked the ability of DA to promote the interaction of
AP-2 and NKA a-subunits. Therefore, although the precise
mechanism of action of InsP6 has yet to be resolved, it is likely
that this compound may interfere with the mechanisms that
promote AP-2 recruitment.

The results of this study indicate that physiological regulation
of NKA activity in renal tubule, and presumably other epithelial
cells, can be achieved by varying the abundance of active
molecules within the basolateral membrane. Although this pro-
cess requires phosphorylation of Ser18 in the rat a-subunit, it
does not exclude the possibility that, in other species lacking this
residue, DA may regulate NKA activity and endocytosis through
phosphorylation of the Ser11 residue (another consensus site
within the a-subunit phosphorylated by PKC). Although phos-
phorylation of the a-subunit constitutes a triggering signal for
endocytosis, as it favors the recruitment of AP-2 and clathrin,
impaired phosphorylation is not the mechanism by which endo-
cytosis is prevented in response to a receptor signal. Thus, the
intracellular traffic of NKA subunits in response to GPCRs
signals is probably regulated by interactions at other stages of
endocytosis, such as adaptor protein recruitment andyor CCV
vesicle formation, through a distinct intracellular signaling net-
work, such as InsP6.
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& Féraille, E. (1998) J. Physiol. (London) 511, 235–243.

16. Laemmli, U. K. (1970) Nature (London) 227, 680–685.
17. Bradford, M. M. (1974) Anal. Biochem. 72, 248–254.
18. Hammond, T. G. & Verroust, P. G. (1994) Am. J. Physiol. 266, F554–F562.
19. Gorvel, J.-P., Chavrier, P., Zerial, M. & Gruenberg, J. (1991) Cell 64, 915–925.
20. Carranza, M. L., Féraille, E. & Favre, H. (1996) Am. J. Physiol. 271, C136–C143.
21. van Steensel, B., van Binnendijk, E. P., Hornsby, C. D., van der Voort, H. T. M.,

Krozowski, Z. S., de Kloet, E. R. & van Driel, R. (1996) J. Cell Sci. 109, 787–792.
22. Chibalin, A. V., Zierath, J. R., Katz, A. I., Berggren, P.-O. & Bertorello, A. M.

(1998) Mol. Biol. Cell 9, 1209–1220.
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